Fretting–fatigue behavior of bolted joints using FEM method by Sehoul, Mohammed et al.
M. Sehoul et al.: Fretting–fatigue behavior of bolted joints using FEM method 
 
Materials Engineering - Materiálové inžinierstvo 24 (2017) 36-47 
36 
FRETTING–FATIGUE BEHAVIOR OF BOLTED 
JOINTS USING FEM METHOD  
Sehoul Mohamed1, Benguediab Mohamed1,*, Kettaf Fatima Zohra1,  
Benhamena Ali2 
 
1 Laboratory of Materials and Reactive Systems, Department of Mechanical Engineering,University of Sidi Bel 
Abbes, Algeria. 
2 Department of Mechanical Engineering, University of Mascara, Algeria. 
 
*corresponding author: e-mail: benguediab_m@yahoo.fr  
 
 
Resume 
In this paper, the fretting damage of a mechanical bolted assembly in three 
dimensions is studied using a numerical approach. The study consist to analyze 
the cylindrical coordinates in stress fields and other fretting parameters depending 
on the angle and radius of the contact areas, and also to determine  
the position of the initiation and propagation of the crack. 
The numerical simulation is done in 3D in order to better describe the real behavior 
in fretting of a bolted joint. According to the simulation results,  
the tightening torque plays a significant role in the load transfer. The results 
allowed us to determine the stress that triggers the initiation and crack propagation, 
and locate the damaged area by fretting. 
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1. Introduction 
Fretting is a special wear process that 
occurs at the contact area between two materials 
under load and subject to minute relative motion 
by vibration or some other force[1]. This 
phenomenon has been recognized and studied  
for along time. It was reported first by Eden et al.  
in 1911 [2], but it wasn’t well understood until 
1927 when studied by Tomlinson [3]. 
Fretting damage is differentiated by three 
distinct modes: it can occur as a result of fretting 
wear [4 - 6]; which happens for relatively small 
vibratory or cyclic motion, normally results in 
relatively little damage and rarely causes 
premature structural failure; or as gross sliding 
wear [7 - 9], which occurs for relatively large 
vibratory motion, normally results in visual 
surface damage, but rarely causes premature 
structural failure; or fretting fatigue - this term is 
used to describe situations where microslip 
between contacting surfaces appears to give rise 
to a reduction in fatigue life when compared  
to a plain component. This third mode leads  
to catastrophic failure [10]. Due to its importance 
and the damage it can cause, the study of this 
phenomenon in its three configurations is very 
necessary. 
Fretting fatigue is a combination of two 
complex phenomenon’s. There are a lot 
of practical applications that are subjected 
to fretting fatigue. Based on contact conditions, 
e.g. surface finish, coefficient of friction, etc, and 
mechanical variables, e.g. axial stress, contact 
stress and slip amplitude, fretting damage at 
contact interface can cause crack initiation and 
growth leading to catastrophic and sudden 
fracture. Experimental studies of fretting fatigue 
have taken different forms: Bridge type [11], 
Single clamp type pad [12 - 14], and Single and 
Double Bolted Lap Joint [15 - 17]. 
The finite element method (FEM)  
is a numerical technique for finding approximate 
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solutions to boundary value problems. It is very 
popular and useful for analyzing fretting fatigue 
behavior [18 - 26]. In most studies we can 
observe that the fretting fatigue life decreases 
with the increase of contact forces. 
This paper adopts the 3D-FEM technique 
to predict the most dangerous strain that causes 
the initiation and propagation of crack, and 
determine the damaged area by fretting. 
We consider a double joint cover assembly 
bolted with only a single bolt, we introduce 
a torque per revolution of the nut by an angle θ 
of 106.6°, and we consider a friction between the 
contact surfaces (μ=0.2), we observe that the 
intensity of the torque leads to the augmentation 
of equivalent Von Mises stresses, shear stresses, 
and causes the increase of the normal stress 
between the plates. 
 
2. Description of the Problem 
The geometry of the bolted assembly and 
different boundary conditions used in the finite-
element analysis are described in the following: 
2.1 Geometry 
Fig. 1 shows the geometry of three bolted 
rectangular plates with length l = 160 mm, width 
w = 25 mm, and thickness t = 3.2 mm.  
 
2.2 Material 
The aluminum alloy 7075-T6 plates are 
used in this case. Its properties are taken from 
Military Handbook 5H [28] and are shown in the 
Table 1. 
The material for the bolt is high-strength 
and high grade alloy steel (AJAX Steel Bolt 
Class 8.8 and UNBRAKO Steel Bolt Class 12.8). 
Typical Young’s modulus and Poisson’s ratio  
for this material are 210,000 MPa and 
0.3 respectively [28]. 
 
2.3 Boundary conditions 
There are three overlapping plates 
assembled as shown in Fig. 2, the left sides 
of the two plates are fixed and the force 
is applied to the right side of the intermediate 
plate. 
 
 
Fig. 1. Bolted assembly in double joint cover [27]. 
(full colour version available online) 
 
Table 1 
Mechanical properties of the aluminum alloy 7075-T6 [28]. 
Yield Stress 
E (MPa) 
Ultimate 
Stress u 
Young’s 
Modulus E 
(MPa) 
Poisson’s 
Ratio 
Strength 
Coefficient K 
(MPa) 
Hardening 
exponent 
412 590 71000 0.33 850 0.035 
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Fig. 2. Boundary conditions and loading condition. 
(full colour version available online) 
 
 
  
a) full model b) filaire model 
Fig. 3. Finite elements detail model: Mesh of the bolted assembly. 
(full colour version available online) 
 
 
 
Fig. 4. Representation of the contact area. 
(full colour version available online) 
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3. Finite Element Analysis 
Finite element analysis is an important tool 
to design practical mechanical joints, such as  
the bolted assemblies. According to the dimensions 
of the structure, a three dimensional model was 
generated using the commercial software ANSYS 
(ANSYS 11, [29]) in order to determine stress 
field at contact zone. 
In this modeling the assembly elements 
(screws, nuts, lock nuts, and washers) are 
considered as rigid bodies in the finite element 
model. The details of the bolted assembly and 
assembly elements are shown in Fig. 3. 
The method used in this modeling 
to realize the tightening torque is the method 
of the turn of nut [30]. This method is based on 
the application of a rotation quantity θ to the nut 
[30] given by equation (1). 
 
θ = 90°+Σt + d            (1) 
 
Where: t is the total thickness  
of the assembled plates in mm and d is the bolt 
diameter in mm. 
 
3.1The contact area 
The contact area Z is comprised between an 
inner edge in the form of a circle and an outer edge 
in the form of a square (see Fig. 4). 
To define the contact area you must define 
the following two spaces: 
In the Euclidean space (2): 
 
Ω1 =
{
 
 
 
 
(
𝑥
𝑦
𝑧
) ∈ ℝ3⧸
|𝑥| ≤ 12.5 𝑚𝑚
|𝑦| ≤ 12.5 𝑚𝑚
|𝑧| ≤ 1.6 𝑚𝑚
}
 
 
 
 
        (2) 
 
The Cylindrical space: 
 
     (3) 
z  Ω1 if y = 0 and |x| ≤ 2.5 mm where  
x = 0 and |y| ≤ 2.5 mm 
z  Ω2 if 12.5 mm ≤ r ≤ 17.677 mm and |θ| = 90° 
or θ  = 0° or θ = 180°. 
 
3.2 The damage sources 
A cyclic load (According to an Euclidean 
landmark): 
 
?⃗?(𝐾𝑁)=(
0
0
12
)                (4) 
 
A tightening torque (In rotational form 
according to the cylindrical landmark): 
 
C⃑ = (
0
0
𝜃 = 106.6°
)   (5) 
 
The friction coefficient between the plates 
 = 0.2. 
 
4. Results 
The aim is summarized in two essential 
points: 
 Determination of the most dangerous 
stress that triggered the crack initiation and 
propagation 
 Determination of the position  
of the priming and propagation of crack 
Fig. 5 shows the Iso values  
of the equivalent Von Mises stresses  
in the contact area on the intermediate aluminum 
plate alone under the same loading conditions. 
We note that the value of this constraint is 
constant σVon-Mises = 269.31 MPa, the distribution 
is uniform in this area, so it isn't located  
in a defined position between the hole edge and 
the edge of the contact area. 
In order to better analyze the combined 
effect of the tightening torque (θ = 106.6°) and 
the cyclic load (F = 12 KN) on the stress field 
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distribution and correctly locate the crack 
initiation site in the contact area, a more detailed 
analysis was carried out of each stress 
component between the edge of the hole and  
the edge of the contact area. In the numerical 
model, an angle serves as a reference to indicate 
the position for which stresses are calculated 
(Fig. 6). 
 
 
 
Fig. 5. Distribution of the equivalent Von-Mises stresses between the edge of the hole and the edge  
of the contact area. 
(full colour version available online) 
 
 
Fig. 6. Appointment of position of a point P in the surface of contact and their stresses generated in the two 
different cylindrical and Cartesian orientations. 
(full colour version available online) 
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The analysis of the graphs shown  
in Figs. 7 and 8 reflects a similar behavior  
as that obtained previously. The only difference  
is the distribution of the components of shear 
stresses, and stresses σθθ. This aspect can  
be attributed to the effect of the angular 
parameter when using the cylindrical coordinates 
in an axis system. The stress σrr  
is varied according to the two coordinates: angle 
and radius, it takes the maximum value  
σrr = 288.94 MPa at the position defined by:  
(r = 7.5mm; θ = 179.77 °), and the constrained 
σzz remains stable and unchanged.  
By comparing the ranges of this constraint (σrr) 
with the other components of the stress field (σθθ, 
σzz, σrθ,, σθ, σrz), we can conclude that the risk  
of crack initiation and propagation is associated 
by the stress component (σrr). 
From the numerical analysis we can say 
that the initiation of the crack in the intermediate 
plate for this type of loading takes place in a path 
defined by a radius equal to 7.5 mm and an angle 
roughly equal to 180°. 
In order to better model this behavior, and 
to give a better justification of the conclusions 
already found, taking into account  
the distribution of contact pressure, frictional 
stress, sliding and penetration is therefore 
necessary (Fig. 9). 
By analyzing the graphs shown in Fig. 9,  
it can be seen that the values of the contact 
pressure, the friction stress, and the penetration: P 
= 22.90 MPa,  σfriction = 14.29 MPa and  
pe = 0.91 μm, are maximum at the position 
defined by θ = 179.61° ≅ 180° compared  
to those found at the edge of the hole where  
the radius r =2.5 mm (P = 22.87 MPa,  
σfriction= 14.29 MPa, pe = 0.87μm). The evolution 
of the friction stress is subdivided into three 
domains: Contact area (red), intermediate area 
(green) and non-contact area (blue). 
The sliding increases gradually with  
the angle and the radius increase and finally 
reaches the maximum value g = 65.01 μm at θ = 
0 °, r = 2.5 mm or r = 12.5 mm. Then  
it begins to decrease towards a value  
g = 61.68 μm at θ = 179.61 °, r = 7.5 mm.  
The decrease in sliding in the ring domain  
6 ≤ r ≤ 7 and the increase in the friction stress at 
3 ≤ r ≤ 7 and the contact pressure at 6 ≤ r ≤ 11 in 
a contact problem can be explained  
by the phenomenon of adhesion which  
is justified by penetration. While the sliding 
phenomenon is the inverse of all that has been 
observed in adhesion, we can consider  
the increase of the sliding in the ring domain  
2.5 ≤ r ≤ 5.61 and 8.37 ≤ r ≤ 12.5  
as an adhesion-sliding transition phase and the 
ring domain 
6 ≤ r ≤ 7 and θ ≅ 180 ° as a strong adhesion 
domain corresponding to the critical range  
in the contact area where there is a risk  
of crack initiation under fretting. 
Next, we do a field analysis  
of the principal stresses (Fig. 10). 
The analysis of these graphs shows that the 
maximum principal stress σ1 found between the 
edge of the hole and the edge of the contact area 
is maximum positive (σ1 = 292 MPa) at  
r = 7.5 mm, θ ≤ 179.81° and minimal  
(σ1 = 282 MPa) at r = 2.5 mm or r = 12.5 mm,  
θ = 0 °, which confirms that this position  
is the most damaged position. This constraint  
is varied in the XY plane. The principal 
intermediate stress is constant (σ2 = 0.75 MPa) 
whatever the angle and the radius in the XY 
plane, and the principal stress σ3 is also varied in 
the XZ plane, it takes a minimum value  
at the edge of the hole (σ3 = -2.19 MPa) and 
increases until reaching its maximum value. 
According to these results, the position  
of crack initiation and propagation can be easily 
localized. The risk of crack initiation will happen 
in an inclined plane of an angle of θ = -90°  
with respect to the plane of application  
of the cyclic load at the edge of the hole:  
P(r,z = r = 7.5 mm, θ = - 90, z = 1.6 mm and 
P(r,z = x = 0, y = - 7.5 mm, z = 1.6 mm. 
This results shows a good agreement 
between simulation and the experimentation 
according to the experimental work [31] 
(Fig. 1).
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Fig. 7. Distribution of stresses in cylindrical coordinate between the edge of the hole and the edge  
of the contact area. 
(full colour version available online) 
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Fig. 8. Distribution of iso values of stresses in cylindrical coordinate between the edge of the hole and  
the edge of the contact area. 
(full colour version available online) 
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Fig. 9. Distribution of contact pressure, frictional stress, penetration and sliding between the edge of the hole 
and the edge of the contact area. 
(full colour version available online) 
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Fig. 10. Distribution of principal stresses between the edge of the hole and the edge of the contact surface. 
(full colour version available online) 
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Fig. 11. Experimental rupture mode [31]. 
(full colour version available online) 
 
5. Conclusion 
The numerical simulation carried out  
in 3D, makes it possible to describe the real 
behaviour of a bolted assembly in fretting 
fatigue. The results obtained show that  
the tightening torque plays a significant role  
in the load transfer. 
The distribution of the stress field  
is influenced by several parameters that can be 
summarized in the following: 
 Technological parameters related  
to the design. 
 Numerical parameters represented  
by the number of elements and the step  
of the computing time. 
 The parts with strong stress 
concentrations of Von-Mises are generally found 
in the fasteners and the tracks of friction, causing 
mechanical phenomena (cracks, wear, rupture 
etc.…). 
 The intensity of tightening torque 
involves the increase in the equivalent pressures 
of Von Mises, the shear stresses and  
the increase in the normal constraints  
in the plates.  
 The constraints of Von-Mises  
of the plates increase in a notable way when  
the cyclic aspect charges and tightening torque 
are coupled. 
 The place of crack initiation will  
be transferred to the edge of the zone of contact 
in a tilted plan from an angle equal to α = 90° 
compared to the direction from the slip. 
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